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In this issue of Neuron, Fuerst et al., report that mammalian DSCAMs powerfully regulate the mosaic spacing
of neurons in the retina, but not their synaptic specificity. The results unveil critical features regarding the type
and scope of molecular interactions that guide neural circuit assembly in the mammalian CNS.Label every neuron that has an identical
pattern of synaptic connections, and you
will immediately notice something: the
labeled cells will be regularly spaced from
one another, like soldiers in strict forma-
tion. This aspect of neural circuit organiza-
tion—called ‘‘mosaicism’’—ensures there
are no gaps in the neural representation
of the outside world. Despite the impor-
tance of this feature, the molecular mech-
anisms that establish mosaics in the
mammalian nervous system are poorly
understood. Equally mysterious are the
mechanisms that regulate synaptic speci-
ficity. Recent studies have shown that
mammalian neurons can find their syn-
aptic partners by direct targeting (Betley
et al., 2009) or through error correction
and refinement (Huberman et al., 2008),
depending on the context. Despite these
advances, the molecules that dictate
synaptic partner choice in the mammalian
nervous system remain unknown.
Possible answers to these questions
come from studies in Drosophila, where
tremendous progress has been made in
understanding the molecular mechanisms
that underlie mosaic development and
synaptic specificity. In terms of mosaic
development, the major players in the fly
are the DSCAMs (Down’s syndrome cell
adhesion molecules)-immunoglobulin (Ig)
superfamily molecules that can undergo
alternative splicing into >38,000 distinct
isoforms. Because each Drosophila neu-
ron expresses a different set of 14–50
DSCAM isoforms, alternative splicing
provides an elegant recognition code
that allows neurons to distinguish self
from nonself and thereby restrict their
dendrites to mosaic-like domains (re-viewed in Hattori et al., 2008). Fly
DSCAMs, including the non-alternatively
spliced DSCAM2, have also been impli-
cated in axon tiling, branching, and
synaptic specificity (Hattori et al., 2008).
The unifying feature among these results
is that fly DSCAMs act via repulsion,
forcing specific axons and dendrites out
of territories they don’t belong.
What do DSCAMs contribute to verte-
brate neural development? Vertebrates
make DSCAM and DSCAM LIKE 1
(DSCAML1), neither of which is alterna-
tively spliced. This presents a bit of
a conundrum—because even if DSCAM
and DSCAML1 are expressed in nonover-
lapping sets of neurons, it is difficult to
imagine how just two DSCAMs could
enforce mosaic spacing or synaptic spec-
ificity on the dozens, if not hundreds, of
neuronal subtypes that comprise verte-
brate neural circuits. Nevertheless, two
previous studies separately identified
important roles for vertebrate DSCAMs
in mosaic development and synaptic
specificity. In chickens, depletion or over-
expression of DSCAM or DSCAML1 per-
turbs dendritic targeting of retinal ganglion
cells in a manner consistent with DSCAMs
acting as homophilic, attractive cues that
dictate synaptic partner choice (Yama-
gata and Sanes, 2008). In mice, removal
of DSCAM causes the somas and
dendrites of specific amacrine cells to
aggregate with one another, in manner
consistent with DSCAM acting as a homo-
philic repulsive cue that dictates mosaic
spacing (Fuerst et al., 2008).
Given these divergent findings, many
questions remain as to how DSCAMs
influence vertebrate neural development.Neuron 64,Previous work showed that DSCAM is
important for mosaic formation in a subset
of retinal interneurons (Fuerst et al., 2008),
but what are the underlying mechanisms?
Also, what about the many other mosaics
of neuronal subtypes in the retina; are
they also organized by DSCAM or is
DSCAML1 doing most of the heavy lift-
ing? Also, it is critical to know whether
DSCAMs regulate synaptic specificity in
the mammalian nervous system, as they
do in chickens. In this issue of Neuron,
Fuerst et al. (2009) provide clear answers
to these questions and in doing so, unveil
a remarkable aspect of the adhesion code
that underlies neuronal circuit wiring.
In their current study, Fuerst et al.
(2009) again focused on the mouse retina.
First, they found that DSCAM is ex-
pressed by virtually all retinal ganglion
cells (RGCs). Mouse RGCs include 22
subtypes, each of which forms a distinct
mosaic (Volgyi et al., 2009). Unfortunately,
there are no immunohistochemical
markers that selectively label individual
subtypes of RGCs, but by staining retinas
with antibodies that label just 2–3 func-
tionally similar RGC subtypes, Fuerst
et al. (2009) were able to evaluate the
consequence of knocking out DSCAM
on mosaic formation. The most obvious
and dramatic phenotype they observed
with loss of DSCAM was the clumping
of RGCs into large aggregates and
the fasciculation of RGC dendrites into
dense bundles (Figure 1). Knockout of
DSCAML1 induced a similar phenotype
in the amacrine cell subtypes that nor-
mally express DSCAML1. Thus, DSCAM
and DSCAML1 are broadly expressed in
non-overlapping sets of retinal neurons,November 25, 2009 ª2009 Elsevier Inc. 441
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PreviewsFigure 1. Removal of Mammalian DSCAMs Severely Perturbs Mosaic Spacing of Many Neuronal Subtypes, but Laminar Depth of Dendritic
Stratification and Synaptic Specificity Remain Intact
The same basic set of results is observed in mice that lack DSCAM and/or DSCAML1, but in different populations of neurons that normally express each gene. For
details see Fuerst et al. (2009) in this issue.where they act to regulate mosaic
spacing.
Then came the key insight. By closely
analyzing the DSCAM knockout retinas,
Fuerst et al., (2009) noticed that each
clump was not a random combination of
different RGC subtypes. Rather, the 2–3
subtypes of RGCs that label with the
neurofilament antibody SMI-32 (Coombs
et al., 2006) formed clumps that were
separate from the clumps of RGCs labeled
with an antibody to melanopsin—which
labels a different collection of 2–3 RGC
subtypes (Hattar et al., 2002). Indeed,
upon even closer inspection they saw
that all the RGCs in each clump extended
their dendrites to the same laminar depth
of the inner plexiform layer (IPL)—an
anatomical metric that is strongly corre-
lated with RGC subtype (Roska and Wer-
blin, 2001). Depth of dendritic stratification
in the IPL is, however, not 100% diag-
nostic of subtype, so they also stained
the DSCAM and DSCAML1 knockout
retinas with antibodies that recognize
specific amacrine cell populations. Those
experiments confirmed that every clump
of cells consisted of pure populations of
single RGC or amacrine cell subtypes
(Figure 1). The authors cleverly interpret
these results as indicating that DSCAMs
act as ‘‘nonstick coating’’ to prevent
intrinsic adhesion between neurons of
the same subtype (Fuerst et al., 2009).
Does DSCAM or DSCAML1 play a role in
establishing synaptic specificity in the
mammalian CNS? In the retina, laminar
depthofdendriticstratificationandsynaptic
specificity are closely related phenomena,442 Neuron 64, November 25, 2009 ª2009so the fact that removal of DSCAM or
DSCAML1 did not alter the laminar depth
of dendritic stratification for specific
neuronal subtypes suggested that these
molecules are not controlling synaptic
partner choice. Still, one DSCAM might
substitute for the other in its absence.
The authors therefore analyzed retinas of
double knockout mice lacking both
DSCAM and DSCAML1. Again, there
was no impact on dendritic stratification.
Indeed, the dendrites of the M1 RGCs, still
selectively costratified with their normal
presynaptic partners: the dopaminergic
amacrine cells. This is especially telling
given that, in DSCAM/DSCAML1 double-
knockout retinas, the somas of M1 RGCs
and dopaminergic amacrine cells form
clumps that are not in spatial register.
Neurons in the mammalian retina thus
can seek out, find, and costratify with their
appropriate synaptic partners, even in the
complete absence of DSCAMs (Figure 1).
What about the formation of actual
synapses? The authors were keen to
notice that DSCAML1 is expressed in rod
bipolar cells and AII amacrine cells. These
two interneuron populations normally
synapse with each other and comprise
essential components of the ‘‘rod path-
way’’ that enables vision under dim-light
conditions (Sharpe and Stockman, 1999).
Using a powerful combination of electron
microscopy, paired synaptic recordings,
and electroretinograms to measure
activity of the rod pathway in vivo, the
authors found that synapses between
rods, rod bipolar cells, and AII amacrine
cells still form and function in the absenceElsevier Inc.of DSCAML1. There were some notable
disruptions in synaptic morphology and
transmission in the mutants but overall
the results make clear that in the mamma-
lian retina, DSCAMs are not required for
functional synapses to form between the
correct sets neurons.
The findings in Fuerst et al. (2009) have
several important implications that moti-
vate further inquiry. They discovered that
neurons of the same subtype have
a natural desire to adhere to one another.
What does that bias reflect? One idea is
that, if synaptic specificity arises accord-
ing to limited sets of pre- and postsynaptic
neurons expressing the same homophilic
adhesive cue, then some additional mech-
anism must be place to prevent inces-
tuous adhesion among neurons of the
same subtype. The results of Fuerst et al.
(2009) suggest the DSCAMs provide that
mechanism. In doing so, they suggest
that mosaic spacing is a somewhat pas-
sive consequence of mechanisms that
ensure neurons of the same subtype do
not aggregate. Alternatively, DSCAMs
could actively repel neurons from one
another, similar to their predominant roles
in Drosophila (Hattori et al., 2008). Both
possibilities are consistent with imaging
studies showing that mammalian retinal
neurons form exclusion zones with neigh-
boring homotypic cells as they migrate
into place (Huckfeldt, et al., 2009). In the
future, targeted removal of DSCAMs
from specific RGC or amacrine subtypes
will be informative to dissect the scale
over which DSCAMs mediate cell-cell
interactions and mosaic formation.
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synaptic specificity in the mouse retina
highlights the urgent need to identify the
molecular cues that control synaptic
partner choice in mammals. In this regard,
Fuerst etal. (2009) may have tapped intoan
important new avenue to look for the
elusive mammalian specificity molecules.
In mice lacking DSCAMs, retinal cells
clump but they still form specific synaptic
connections (Figure 1). Thus, removal of
DSCAMs unveils the extent to which
certain populations of neurons are drawn
to each other by selective adhesion.
Certainly, M1 RGCs and dopaminergic
amacrine cells were already known to
connect, but their remarkable proclivity
for each other in DSCAM knockout retinas
suggests that we should pay careful atten-
tion to the (non-DSCAM) synaptic adhe-
sion molecules that are mutually and
uniquely expressed by these connecting
sets of neurons. The same argument can
be made for the rod bipolar and AII ama-
crine cells whose dendrites so passion-
ately resist being drawn apart in the
clumped up DSCAML1 knockout retinas.
Fortunately, there are now hundreds of
transgenic mice that express GFP in
specific subtypes of retinal neurons
(Siegert et al., 2009). This opens the doorAttention K-Mart S
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The mechanistic basis of arousal i
Drosophila, where dopamine has
demonstrates that it independently
molecularly convergent, but anatom
The idea that arousal state affects the
ability of an animal to carry out complex
tasks was articulated over 50 years ago.
Since that time our theories about the
nature of attention have ranged from
thinking about it as a unitary phenomenon
that can influence multiple subsystemsto visualize, fluorescence sort, and gene
profile virtually any combination of retinal
cells. The results in Fuerst et al. (2009)
encourage us to seek out the adhesion
cues coexpressed by whichever combina-
tions of retinal neurons costratify and
fasciculate together in DSCAM or
DSCAML1 knockout mice. Using this
strategy, we should be able to home in on
the genes that dictate synaptic specificity
in mammals and perhaps learn an unsus-
pected thing or two about the intrinsic
connectivity of the retina along the way.
In light of this last point above, Fuerst
et al. (2009) also provide tantalizing data
that (1) DSCAM and DCAML1 are ex-
pressed by cells throughout the brain
and (2) in the absence of DSCAMs,
many cells clump. Given that mosaicism
is a prominent feature of diverse neural
circuits, analysis of DSCAM knockout
mice may broadly assist in unveiling
synaptic relationships among different
neuronal subtypes and the molecules
that wire them up during development.
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compounds: norepinephrine, serotonin,
and acetylcholine) has been shown to
be involved in diverse motivational and
arousal processes in many organisms.
In mammals, neocortical dopaminergic
pathways influence the activity of pre-
frontal cortex, which is critical for focus
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